ABSTRACT: Development of quantitative theory of adsorption-induced deformation is important, e.g., for enhanced coalbed methane recovery by CO 2 injection. It is also promising for the interpretation of experimental measurements of elastic properties of porous solids. We study deformation of mesoporous silica by n-pentane adsorption. The shape of experimental strain isotherms for this system differs from the shape predicted by thermodynamic theory of adsorption-induced deformation. We show that this difference can be attributed to the difference of disjoining pressure isotherm, responsible for the solid−fluid interactions. We suggest the disjoining pressure isotherm suitable for n-pentane adsorption on silica and derive the parameters for this isotherm from experimental data of n-pentane adsorption on nonporous silica. We use this isotherm in the formalism of macroscopic theory of adsorption-induced deformation of mesoporous materials, thus extending this theory for the case of weak solid−fluid interactions. We employ the extended theory to calculate solvation pressure and strain isotherms for SBA-15 and MCM-41 silica and compare it with experimental data obtained from small-angle X-ray scattering. Theoretical predictions for MCM-41 are in good agreement with the experiment, but for SBA-15 they are only qualitative. This deviation suggests that the elastic modulus of SBA-15 may change during pore filling.
INTRODUCTION
Adsorption-induced deformation is expansion/contraction of porous solids caused by solid−fluid intermolecular forces during fluid adsorption. This phenomenon has been studied extensively during the 20th century, particularly in the seminal works of Meehan 1 and Bangham, 2 McIntosh, 3, 4 Yates, 5 and Scherer 6 (brief review of these results is given in our earlier paper 7 ). Understanding the mechanisms of adsorption-induced deformation is crucial for, e.g., enhanced coalbed methane recovery by CO 2 injection; 8−13 it also offers methods for measuring elastic properties of porous materials.
14, 15 Therefore, recently the interest in this phenomenon has been reignited by both experimentalists 16−23 and theoreticians. 24−28 Appearance of mesoporous molecular sieves (MMS) in 1990s has stimulated revolution in adsorption science. 29, 30 Well-defined pore morphology, ordered arrangement of pores on 2D or 3D lattices, and narrow pore-size distribution of MMS made them a perfect system for verification of adsorption theories, particularly for the development of density functional theory. 31 We believe that MMS can also help developing quantitative theories of adsorption-induced deformation.
Most of the experimental data on adsorption-induced deformation are obtained by dilatometry, when the change of the volume or length of a macroscopic sample is measured. 18, 21, 23, 32 However, deformation of a macroscopic sample is complicated: it may involve deformation of the pore space and deformation of the porous skeleton. 13, 27 As a first step to understanding deformation of a macroscopic sample, it is necessary to verify theoretical predictions for deformation of the pore space of a single pore. Using in situ small-angle X-ray scattering (SAXS) one can measure how MMS lattice parameter changes during adsorption, and, therefore, obtain a strain isotherm, deformation of the pore lattice as a function of adsorbate pressure. Such data can be directly compared with the predictions of thermodynamic theory of adsorptioninduced deformation, 7 ,33−35 based on the calculation of solvation pressure, i.e., the pressure which the adsorbed fluid exerts on a pore wall.
In our previous works 7, 35 we derived theoretical predictions for solvation pressure for nitrogen and argon, gases typically used for porosimetry. However, in situ SAXS measurements in refs 16 and 17 were conducted at room temperature. The groups of Findenegg and Paris used water, 17 perfluoropentane, and n-pentane 16, 19 for such experiments. When n-pentane is used as adsorptive, the behavior of the resulting strain isotherm at low pressures (prior to capillary condensation) almost linearly increases with pressure, 16, 19 which is qualitatively different from the concave shape predicted by Gor and Neimark for nitrogen or argon adsorption on silica. 7, 35 The main question to be addressed in this paper is whether the thermodynamic theory of adsorption-induced deformation of mesoporous solids 7, 35 is capable of predicting deformation behavior of silica caused by n-pentane adsorption at low pressures.
We present an extension of our macroscopic theory of adsorption-induced deformation of mesoporous solids 7, 35 for weak solid−fluid interactions, which is the case for n-pentane adsorption on silica. The predictions for a strain isotherm are based on the calculation of solvation pressure. Solvation pressure is derived following the method by Gor and Neimark 7, 35 based on Derjaguin−Broekhoff−de Boer (DBdB) theory of capillary condensation. 36−38 This method represents the adsorbate chemical potential by two terms related to the capillary and disjoining pressures. While the former is simply calculated using the value of liquid−vapor surface tension, the latter (representing the solid−fluid interactions) is based on experimental data of adsorption on nonporous surface. We measured a reference adsorption isotherm for n-pentane on nonporous TK800 silica at 298 K. We show that a twoparametric Frenkel−Halsey−Hill (FHH) equation 39−41 is not capable to fit this isotherm. Therefore, we used a fourparametric exponential disjoining pressure isotherm 42 for fitting our data. We show that, unlike the FHH isotherm, the four parametric expression is capable of approximating the reference isotherm within the whole range of pressures. The extension of the macroscopic theory of adsorption-induced deformation allows us to explain both previously published 16, 19 and new SAXS data on deformation of MCM-41 and SBA-15 silica caused by n-pentane adsorption. Particularly, the theory is now capable of predicting the near-linear strain behavior at low pressures, observed in the experiment. We also find peculiar differences between deformation of samples with high (SBA-15) and low (MCM-41) microporosity. Finally, our study supports the recent findings of Prass et al. 19 showing that "apparent lattice deformation" (sharp peaks around capillary condensation/evaporation pressures) is an artifact of the SAXS technique and it is not related to a real deformation of the pore.
The paper is organized as follows: In section 2 we briefly describe the adsorption experiments and in situ small-angle Xray scattering technique, and how it can be applied for measuring the adsorption-induced deformation. Then we give a short overview of macroscopic theory of adsorption-induced deformation of mesoporous solids and extend it to the case of weak solid−fluid interactions. In section 3 the results are given; we start from analysis of the disjoining pressure isotherm of npentane on reference silica surface. Then we use this isotherm to calculate solvation pressure and elastic strain for porous samples and compare it with previously published and newly reported experimental data. The results are discussed in section 4. Section 5 presents the conclusion.
METHODS
2.1. Experiment. The n-pentane adsorption−desorption isotherms, at 298 K, on TK800 silica and a SBA-15-I silica, were determined gravimetrically in an apparatus equipped with a CI Electronics MK2 vacuum microbalance coupled to a Disbal control unit. Pressure was measured with Edwards Barocel 600 capacitance manometer. The temperature was controlled within ±0.1 K using a Grant LTD thermostat and a Masterflex peristaltic pump. Prior to the adsorption experiments, the n-pentane (99%, Lab-Scan) was purified by double distillation and then outgassed in vacuum by repeated freeze−thaw cycles, and the samples were outgassed at 473 K for 8 h with a heating rate of 5 K min −1 . The results of characterization by Xray diffraction and nitrogen adsorption−desorption at 77 K (experimental details as previously described 43 ) were presented in a previous paper for the present SBA-15-I sample 44 which has a pore size of 7.87 nm (by NLDFT method), but the n-pentane adsorption− desorption isotherms have not been reported yet. Table 1 summarizes main properties of the samples.
The nonporous TK800 considered in this work is pure silica (National Physical Laboratory, United Kingdom), and it is arc silica, a type of pyrogenic silica, on which nitrogen adsorption isotherm of Type II, reversible up to ∼0.85P 0 , was obtained. The nitrogen adsorption isotherm was analyzed using the FHH equation, being obtained a value of 2.72, in remarkable agreement with that previously reported for the adsorption of nitrogen at 77 K on Degussa TK800 45 and also on a variety of nonporous solids. 46, 47 Furthermore, the corresponding α S plot, using as reference the published standard data on nonporous hydroxylated silica, 46 ,47 presented a long linear section which could be back-extrapolated to the origin, and the specific surface area is in close agreement with the value obtained by the BET method as seen in Table 1 . On the basis of these results we can consider that the TK800 used in the present study is nonporous.
Strain isotherms of two MMS samples were measured at room temperature (290 K) using synchrotron radiation X-rays at the Helmholtz Center Berlin at the BESSY II facility. Details of the in situ sorption setup, the measurement strategy, and the data evaluation are given in previous papers. 16, 17 MCM-41 sample with 3.54 nm pore diameter, 48 and SBA-15-II sample with 8.14 nm diameter 49 (both determined by the NLDFT method from N 2 adsorption isotherms), were used for the experiments. The MCM-41 and the SBA-15-II samples have similar mesoporosity of 62% and 56%, respectively, 17 but the SBA-15-II additionally contains about 13% porosity corresponding to micropores within the mesopore walls. 2.2. Theory. Gas adsorption in a mesoporous sample can be fairly well described by Derjaguin−Broekhoff−de Boer (DBdB) theory of capillary condensation. 36−38 DBdB theory was verified for argon and nitrogen adsorption on silica against more precise theories, based on molecular density functional theory, and it gives quantitative predictions for pores larger than 7−10 nm. 50 In our recent work 35 we showed that predictions of DBdB theory for solvation pressure isotherms are in good agreement with predictions based on microscopic methods (QSDFT) for argon and nitrogen in 8.2 nm silica pore. For smaller pores (4 nm), although the deviation of predictions for points of capillary condensation and evaporation is noticeable, the solvation pressure curve calculated on the basis of DBdB theory is still close to the one based on QSDFT. 35 Within DBdB theory the adsorbate is considered as a macroscopic liquid film. The chemical potential of this film differs from the chemical potential of the bulk liquid and is given by
The molar volume of the adsorbed fluid V L is assumed to be the same as that of the bulk liquid. The two terms in the brackets are related to the solid−fluid interactions and film curvature respectively. The latter term is just the Laplace pressure at the curved liquid−vapor interface: γ is the liquid−vapor surface tension, R is the radius of the pore, h is the thickness of the liquid film. The key term, however, is the first term, Derjaguin's disjoining pressure Π. Disjoining pressure isotherm Π = Π(h) can be obtained from the experimental data on adsorption on reference nonporous solid, and usually it is approximated with two-parametric Frenkel−Halsey−Hill (FHH) equation
Here, R g is the gas constant, T is the absolute temperature, h 0 = 1 Å, and k and m are the dimensionless parameters. FHH eq 2 approximates fairly well disjoining pressure of nitrogen and argon adsorption on silica. 50 Another type of disjoining pressure isotherm, widely used for describing adsorption on silica and glass surfaces, is the so-called "isotherm of structural forces", 51, 52 given by two-parametric exponential expression:
Here Π 1 and λ 1 are the parameters derived from experiments, which have the dimension of pressure and length, respectively. Equation 3 is found more suitable for hydrocarbons than the FHH equation; as such, Schlangen et al. 53 and Ravikovitch et al. 54 used eq 3 to study nalkanes, cyclohexane, and toluene adsorption on silica. Often, to better fit the experimental data, a more complex four-parametric expression is used 42, 55, 56 
where parameters Π 1 , λ 1 , Π 2 , and λ 2 are determined from experimental data. DBdB theory is able to predict the capillary condensation/ evaporation hysteresis, which is typical for large mesopores. The critical film thickness h c at the capillary condensation point is determined from the condition of maximum of chemical potential as a function of h (eq 1)
The capillary evaporation takes place close to equilibrium, and therefore, the disjoining pressure can be predicted from the Maxwell equal area rule (when the grand potentials of the filled pore with meniscus equal the grand potential of the pore with the adsorbed liquid film of the thickness h e ). This condition gives Derjaguin equation
Thus, given the pore radius R, adsorbate properties (surface tension γ and molar volume V L ), and adsorbate−adsorbent interactions, DBdB theory predicts the full adsorption isotherm. Before capillary condensation, the adsorbed film thickness h (and the filling fraction) is related to the gas pressure P through eq 1 and
where P 0 is the pressure of saturated vapor at temperature T. After the capillary condensation, the pore is assumed to be fully filled with the bulk liquid. DBdB theory has been used for calculation of adsorption isotherms for decades, but just recently we have found that it can be employed for predicting the adsorption-induced deformation. 7 Elastic strain ε of a pore is related to the solvation pressure f s in the pore through Hooke's law
where ε 0 is the prestrain (at the dry state) and M is an elastic modulus of the pore system. This is a similar pragmatic definition, as in, 17 where the ratio between the Laplace pressure in the pores and the measured pore lattice strain in MCM-41 and SBA-15 materials was denoted "pore-load modulus". It should be noted that the pore load modulus is in general different from the bulk modulus of the system, as it corresponds to a completely different loading situation and possibly also a different measure of deformation. For instance in the case of MCM-41 and SBA-15, the pore load modulus corresponds to the ratio between an internal pressure in each single pore in a hexagonal pore lattice and the measured pore lattice strain. If the geometry of the system is known, this pore load modulus can be related to common elastic parameters of the pore walls, by, e.g., finite element continuum mechanical calculations. 17 The problem of deriving the macroscopic deformation of porous materials in response to capillary forces has often been treated very superficially, and has been critically discussed recently by Weissmuller et al. 57 The solvation pressure is the pressure which the film of adsorbed fluid exerts on a pore wall. It is often referred to as "disjoining pressure". However, we would like to avoid this term, to clearly distinguish it from the original Derjaguin's notion of disjoining pressure, determined for a flat surface. Solvation pressure equals f s = σ − P, where the adsorption stress σ for cylindrical pore geometry is calculated from the simple thermodynamic relation 7, 33 
Here Ω is the grand potential of the pore with adsorbate in it; L is the length of the cylindrical pore. In our previous work we employed DBdB theory to derive analytical expressions for the grand potential Ω and adsorption stress σ, 7 which gives for the pore filled with fluid
where γ sl is the surface tension at the solid−liquid interface. The simplicity of eq 10 allows one to easily determine the elastic modulus M from the experimental adsorption strain for the filled pore with condensed fluid. The logarithmic dependence of solvation pressure on the gas pressure for the filled pores has been known for decades 58 and has been used for determination of the elastic modulus previously. 15, 32 For the pore with adsorbed film on the wall the adsorption stress is given by (see ref 7 and Supporting Information therein for details)
Since eq 11 stems from eq 1, it includes contributions related to both solid−fluid interactions and curvature of the adsorbed film. The solid− fluid part, written in terms of disjoining pressure, can be interpreted in terms of the Bangham effect. 7 In order to calculate the solvation pressure prior to capillary condensation, eq 11 has to be complemented with disjoining pressure isotherm Π(h). Adsorption stress for FHH disjoining pressure isotherm was obtained previously. 7 If the disjoining pressure has the form of eq 4, the adsorption stress in the region prior to capillary condensation is given by
To calculate σ for two-parametric exponential disjoining pressure isotherm (eq 3), only the first term in the brackets in eq 12 is used, since the second term equals zero. Equations 8, 10, and 12 are used below to calculate the strain isotherms.
RESULTS
Adsorption stress σ, solvation pressure f s , and, therefore, the elastic strain ε strongly depend on the interactions between the solid and fluid molecules, which are determined by the disjoining pressure Π(h). Analytical approximation for the disjoining pressure isotherm Π(h) can be obtained from the reference adsorption isotherm on nonporous surface. We measured n-pentane adsorption isotherm on nonporous TK800 silica at 298 K, and these data are displayed as filled circles in the left panel of Figure 1 . We derive the thickness h of the adsorbed film from the values of n ads (amount adsorbed per unit mass of a sample) using the following simple relation
where specific surface area S A of the present TK800 silica as determined by nitrogen adsorption at 77 K is 148 m 2 /g and the molar volume V L of adsorbed n-pentane was calculated as V L = μ/ρ (μ = 72.2 g/mol is the molar mass of pentane and ρ = 621 kg/m 3 is its bulk liquid density at 298 K). The experimental values of disjoining pressure Π(h) are obtained from the relative pressure P/P 0 using
The experimental dependence of disjoining pressure on the thickness of adsorbed film is shown in the right panel of Figure  1 as filled circles. We use three different analytical expressions to fit the experimental disjoining pressure curve: two-parametric FHH isotherm (eq 2), two-parametric exponential isotherm (eq 3), and four-parametric expression, consisting of two exponential terms (eq 4). Right panel of Figure 1 shows that both twoparametric formulas give a good fit for film thickness h in the range from 3−4 to 11 Å. Attempts to fit below 3 Å caused substantial deterioration of prediction at large thickness. However, the four-parametric expression for disjoining pressure provides good fit in the whole range of film thickness, even below 1 Å. The results of fitting of experimental adsorption isotherm and disjoining pressure isotherm by four-parametric expression eq 4 are represented with solid lines in left and right panels of Figure 1 , respectively.
On the basis of our fitting we obtain the following values of the parameters to be used for modeling n-pentane adsorption on silica surface: FHH isotherm parameters k = 8.70, m = 1.79; exponential isotherm (eq 4) parameters Π 1 = 47.9 MPa, λ 1 = 3.38 Å, Π 2 = 59.5 MPa, λ 2 = 0.69 Å. When using twoparametric exponential expression (eq 3) we obtain the same parameters as Π 1 and λ 1 given above.
After we fit the parameters for disjoining pressure isotherm, we can employ the DBdB theory to calculate n-pentane adsorption isotherm on a mesoporous sample. Figure 2 gives the experimental isotherm for n-pentane adsorption at 298 K on SBA-15-I with pore size 7.87 nm (•) and the theoretical DBdB isotherm for cylindrical pore of this size (). The liquid−vapor surface tension of pentane γ is taken 15.28 mN/m from ref 59 . The theoretical isotherm is shifted upward by 0.18 to take into account the filling of micropores; this correction is close to the relative volume of micropores calculated for SBA-15-I sample by α s method. 44 The effective diameter of npentane molecule is ∼4 Å, approximating it by a sphere. 26 According to the disjoining pressure isotherm, 4 Å thickness (filling of the monolayer) corresponds to the relative pressure P/P 0 = 0.5. (This is in line with the good fit of FHH isotherm at the pressures P/P 0 > 0.5.) The deviations in Figure 2 correspond to relative pressures below 0.3, i.e., before the monolayer completion. Therefore, these deviations can be addressed to gradual filling of the micropores. The agreement between the slope of theoretical isotherm and experimental in the region of multilayer adsorption suggests that TK800 is a suitable reference surface. The prediction for the position of equilibrium capillary evaporation, determined by eq 6, is close to the experimental points. The capillary condensation pressure (determined by eq 5) is noticeably overpredicted. The capillary condensation corresponding to the experimental value is shown by the dashed line. Such deviation could cause a problem if theoretical isotherms would be used in a kernel for calculating pore-size distributions. However, as we will see below, it is not critical for predicting adsorption-induced deformation.
We use our theory to calculate the solvation pressure isotherm for the sample discussed above. In our calculations we use both FHH disjoining pressure isotherm (eq 2) and the four-parametric exponential expression (eq 4). The results are shown by dashed and solid lines, respectively, in Figure 3 . The solvation pressure for the pore filled with capillary condensate is calculated using eq 10, which does not depend on disjoining pressure isotherm. Therefore, we get the same predictions for these parts. Predictions for capillary condensation and evaporations pressures are close and the solvation pressure at relative adsorbate pressure above 0.2. However, the calculations noticeably differ in the low pressure region.
We calculate the solvation pressure for two systems: a silica pore of 3.4 nm size and a silica pore of 8.14 nm. These diameters correspond to the MCM-41 and SBA-15-II samples used in experiments by the Paris group 16, 19 within the acceptable accuracy of the adsorption methodology. We use the part of the solvation pressure curve for the filled pore (after capillary condensation), determined by eq 10, to fit the prestrain ε 0 and the elastic modulus M using eq 8. For the MCM-41 sample we get M = 14.6 GPa; for the SBA-15-II sample we get M = 6.4 GPa. This is in good agreement with the values reported in ref 17 calculated from the data on other adsorbates. We do not use the solid−liquid surface tension γ sl in the calculation of solvation pressure; instead, it is taken into account by the constant vertical shift of the resulting strain isotherm. Figure 4 presents the results of our calculations along with the strain of the pore, experimentally measured by SAXS.
The adsorption data for MCM-41 is from ref 16 , desorption data for SBA-15-II is from ref 19 , and desorption data for MCM-41 and adsorption data for SBA-15-II have not been reported elsewhere. As we mentioned above, the DBdB theory does not predict the points of capillary condensation/ evaporation precisely. However, Figure 4 shows that the macroscopic theory of adsorption-induced deformation based on DBdB theory predicts the strain isotherms close to the experimental data.
DISCUSSION
Experimental strain isotherms for n-pentane adsorption on silica at low pressures behave differently than our recent theory 35 predicts. However, in ref 35 the predictions were calculated for argon and nitrogen adsorption on silica, not for n-pentane. Here we show that the difference in strain behavior is due to the difference in solid−fluid interactions. Within the macroscopic theory of adsorption-induced deformation, the solid−fluid interactions are taken into account through the disjoining pressure isotherm. We show that the FHH isotherm is incapable of describing n-pentane adsorption. We use fourparametric exponential disjoining pressure isotherm, which better represents weak solid−fluid interactions. First we show that, unlike FHH, such an isotherm excellently approximates the experimental adsorption data on a nonporous surface within the whole range of pressures. From this approximation we derive parameters, which we employ further in our calculations. We show that using these parameters we can reproduce the experimental adsorption isotherm in the region of multilayer adsorption (before capillary condensation). The prediction for the pressure of capillary condensation deviates from the experimental value. However, this deviation does not affect the predictions for solvation pressure.
We calculate the solvation pressure for a pore of 7.87 nm using the theory presented in ref 7 . We compare predictions based on FHH disjoining pressure isotherm and fourparametric exponential disjoining pressure isotherm. We show that at the relative adsorbate pressure higher than 0.2 the predictions based on both disjoining pressure isotherm almost Figure 2 . Adsorption of n-pentane on SBA-15-I silica (pore size 7.87 nm) at 298 K. Theoretical isotherm () is obtained using DBdB theory with the disjoining pressure isotherm eq 4. Prediction of DBdB theory for capillary condensation pressure noticeably deviates from the experimental value (---). However, the pressure of equilibrium transition and the isotherm in the region of multilayer adsorption are predicted accurately. coincide. However, at the adsorbate pressure lower than 0.2 the calculations based on FHH lead to the concave shape of the solvation pressure curve. The predictions based on fourparametric exponential disjoining pressure isotherm give the near-linear behavior, which is observed in experiments.
Similarly to classification of adsorption isotherms, 46, 47 we can classify the strain isotherms based on the strength of solid−fluid interactions. Figure 5 presents Type IV and Type V adsorption isotherms, which are characteristic isotherms for fluid adsorption in mesoporous solids for strong and weak solid− fluid interactions, respectively. It is possible that when the solid−fluid interactions are very weak, the expansion of a sample before capillary condensation is negligible, so the strain isotherm has a very moderate slope. Such strain isotherms have been reported recently by Dendooven et al. 60 for toluene adsorption on silica.
Results of our calculations can be compared directly with the strain isotherms derived from SAXS experiments. We consider experimental data for n-pentane adsorption on two MMS samples MCM-41 and SBA-15-II. We calculate solvation pressure for the pore sizes corresponding to these samples and get the elastic strain by employing Hooke's law. For MCM-41 the pressures at capillary condensation/evaporation do not agree well with experiment, which is expected for small mesopores. However, the strain isotherm fits very well.
The experimental strain isotherm for n-pentane adsorption on SBA-15-II, shown in Figure 4 , has a well pronounced hysteresis loop. Adsorption isotherms for large channel-like mesopores (larger than ∼4 nm in diameter) are known to have hysteresis. The reasons for hysteresis for such systems are the following:
61 the capillary condensation takes place when the fluid film adsorbing on the walls reaches the limit of its thermodynamic stability, the capillary evaporation (desorption) takes place as the equilibrium transition, which corresponds to noticeably lower gas pressure then the capillary condensation. The hysteresis on the strain isotherm on SBA-15 is the direct consequence of adsorption hysteresis. Thus, the drop in the strain at lower pressure corresponds to equilibrium capillary evaporation, and the drop of the strain at the higher pressure corresponds to the capillary condensation.
For SBA-15 the capillary condensation/evaporation are closer, but the calculated strain isotherm reproduces the experimental curve only qualitatively. This mismatch may look surprising, given the good agreement for MCM-41. The deviation of theoretical predictions for strain from the experimental stress isotherm on SBA-15 sample suggests that its elastic properties change during pore filling. Unlike MCM-41 silica, the walls of SBA-15 include a substantial amount of micropores (so-called "corona"). Since the stiffening effect is pronounced in SBA-15 and is not seen in MCM-41, it may be due to filling of microporous corona of SBA-15. This effect is in line with the recent results of Coasne et al., who predicted the stiffening of microporous materials upon adsorption from molecular simulations. 62 The effects related to the change of elastic properties cannot be modeled within our current approach.
From the comparison of experimental and theoretical strain isotherms for SBA-15 silica we can make another important observation. The spikes observed in the experiment around . Classification of adsorption isotherms for mesoporous materials (top) and corresponding strain isotherms for adsorptioninduced deformation (bottom). In the case of strong solid−fluid interactions at low pressures, substantially more fluid gets adsorbed (concave adsorption isotherm), and they also cause higher expansion of a sample (concave strain isotherm).
capillary condensation and evaporation points are not seen on the theoretical curve. It confirms the conclusion of the previous study by Prass et al. 19 that the spikes are artifacts of the SAXS method.
When modeling deformation of microporous materials, for calculation of the pressure in the pores Grand Canonical Monte Carlo (GCMC) simulations are often used. 10, 12, 25, 28, 34, 63 Schoen et al. used GCMC for calculating the strain isotherm for mesoporous MCM-41. 26 However, Monte Carlo simulations cannot be readily employed for calculation of the strain isotherm for SBA-15. The pore size of 7−8 nm is relatively large, so Monte Carlo simulations for such system are too computationally expensive. NLDFT or QSDFT methods 31 also cannot be used, since they are developed for simple LennardJones molecules, which is not the case for n-pentane. Therefore, currently our macroscopic approach is presumably the best way to predict deformation of large mesopores induced by adsorption of complex fluids.
CONCLUSION
We have studied deformation of mesoporous silica induced by adsorption of n-pentane. The shape of experimental strain isotherms at low pressure qualitatively differs from the shape predicted by our thermodynamic theory of adsorption-induced deformation of mesoporous solids. 7, 35 Therefore it was questioned whether this theory is capable of explaining the experiments with n-pentane. We have found that the shape of a strain isotherm at low pressures is governed by the strength of solid−fluid interaction, very similar to the shape of an adsorption isotherm at low pressures. We have extended our theory for the case of weak solid−fluid interactions and have shown that this extension predicts near-linear behavior of a strain isotherm at low pressure, which is also observed in experiments for n-pentane. We have compared the predictions of our theory with recently published and new strain isotherm for n-pentane adsorption on mesoporous silica, obtained using SAXS technique. We have found good agreement between the theory and experiment for strain isotherm for MCM-41 silica. However, for SBA-15 silica the agreement is only qualitative. We believe that the deviation of theoretical predictions for SBA-15 from the experimental strain is due to the change of elastic properties of the sample. Since this change has not been observed for MCM-41, it may be related to the microporous walls of SBA-15.
More conclusions on the mechanisms of adsorption-induced deformation could be made if more experimental data were available for MMS. Strain isotherms for argon and nitrogen adsorption are of particularly high interest, because they could be verified against the calculations based on the benchmark methods NLDFT or QSDFT.
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